To establish a covalent chromatography system for purification of naturally occurring chymotrypsin-like serine proteases, a diphenyl 1-amino-2-phenylethylphosphonate derivative bearing Gly-Gly-Gly as a spacer was immobilized on the Sepharose 4FF gel. In this system, bovine chymotrypsin was selectively bound to the phosphonate immobilized on the gel and then released by the action of 2-pyridinealdoxime methiodide as the reactivated enzyme. Based on the study results for selective binding and reactivation conditions, chymotrypsin-like proteases from pancreatin (hog pancreas) were rapidly and highly purified within three hours.
Introduction
Diphenyl -aminoalkylphosphonates are known to irreversibly and specifically inactivate serine proteases by forming a covalent bond as shown in (Csin) by using diphenyl 1-amino-2-phenylethylphosphonate (Phe type phosphonate) [6, 7] .
The phosphonates can be also used for the purification of enzymes by making use of their reversible character. Ashani et al. immobilized
2-aminoethyl p-nitrophenyl methylphosphonate on
Sepharose 4B (GE Healthcare, Little Chalfont, England) and purified acetylcholinesterase by using 2-pyridinealdoxime methiodide (2PAM) as an activator that broke and replaced the covalent bond between the phosphonate and enzyme [9] .
Although purification was satisfactorily pursued, the time required for the reactivation of acetylcholin esterase was relatively long, e.g., 64−112 h with a 48−57% yield. The authors suggested the possibility of using the covalent chromatography system for purifying other serine proteases. However, to our knowledge, no effective purification system for serine proteases that uses the phosphonates has been reported.
In this study, to establish a covalent chromatography system for serine proteases that uses phosphonates, a Phe type phosphonate derivative (G3P) bearing Gly-Gly-Gly as a spacer was synthesized (Fig. 2) and immobilized on Sepharose 4FF gel (GE Healthcare). The obtained gel was designated as G3P-gel. Previously, the Phe type phosphonate was immobilized on Sepharose 4B gel using 6-aminohexanoic acid as a spacer for the selective removal of Csin [6] . However, Csin captured by the gel could not be reactivated effectively by the addition of 2PAM (data not shown). The poor recovery of Csin might result from the hydrophobic character of the 6-aminohexanoyl group. Hence, we chose the Gly-Gly-Gly spacer which is more hydrophilic than 6-aminohexanoic acid, in order to enhance access of 2PAM to the phosphorous atom at the active site.
Using a mixture of bovine Csin and trypsin (Tsin), the selective binding ability of of Csin bound to the gel by 2PAM were examined.
Finally, the availability of the G3P-gel was evaluated using a crude enzyme mixture from pancreatin that originated from the hog pancreas as a source of naturally occurring Csin-like serine proteases. The isolated product was characterized by enzymatic activity, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and LC-MS/MS analysis.
Materials and methods

Materials
Pancreatin was purchased from Wako Pure Chemicals Industries Ltd. (Osaka, Japan). Enzymatic activity was monitored on a Hitachi U-1800 spectrophotometer (Tokyo, Japan)
equipped with a thermostated cell holder.
Molecular ion masses of the synthesized compounds were determined with electrospray ionization time-of-flight mass spectrometer (ESI-TOFMS) on a Hitachi NanoFrontier LC-MS system (Tokyo, Japan). Reversed-phase HPLC analysis was performed using a Shimadzu HPLC system consisting of two LC-10ADvp pumps and an SPD-10Avp UV-Vis detector (Kyoto, Japan).
Synthesis of G3P
Thr Phe type phosphonate was synthesized according to the method proposed by Oleksyszyn [9] . An N-benzyloxycarbonyl 
Assay of enzymatic activity
Csin and Tsin activities were assayed using BTPNA and BAPNA as substrates, 
Inactivation and reactivation procedure for Csin from a model enzyme mixture by G3P-gel (batch)
To the model mixture (0.25 ml)
containing bovine Csin (1 mg/ml) and Tsin (1 mg/ml) in Tris-buffer A, G3P-gel (50 l) was added in the plastic column and the suspension was gently mixed by rotation at 25 °C for 15 min gel was then stained with the CBB reagent.
Mass spectrometry
The two protein bands (29 and 28 kDa) were sliced into small pieces (~1 mm) and placed into 
Results
Characterization of G3P-gel
The amount of the Phe type phosphonate immobilized on G3P-gel was estimated to be 1.2 mol/ml of gel based on the amount of the phenol released from the gel. The gel was stored in 50 mM ammonium acetate at 4 °C. Even after storing for two months under these conditions, the gel showed effective binding ability against Csin.
Selective inactivation and reactivation of Csin from a model mixture
The optimized conditions for purification of Csin using G3P-gel were determined in a model mixture system (Fig. 3) . At These results indicate that Csin can be selectively purified using G3P-gel in the batch method. To demonstrate the effectiveness of G3P-gel on the purification of Csin-like serine proteases, the crude enzyme extract from pancreatin was treated with the gel by two methods (batch and flow). As shown in Table 1 , the specific activity of the Csin-like enzyme component (BTPNA hydrolyzing activity) by the batch method was estimated to be 1.3 U/mg, implying that the component was purified 17-folds from the crude extract in the batch method.
Purification of Csin-like serine proteases from pancreatin
Moreover, in case of the flow method, the final product was estimated to be 1.4 U/mg, implying that the Csin component was purified 30-fold. On the other hand, the Tsin-like enzymatic activity (BAPNA hydrolyzing activity) was undetectable.
The total time for the purification was about 3
hours.
The SDS-PAGE analysis under non-reducing conditions showed that the final product contained three components with molecular masses of 29, 28, and 23 kDa (lane B in Fig. 4) . These three components were also detected by the fluorescein-labeled Phe type phosphonate, which could selectively label Csin-like serine proteases in a manner similar to Table 1 . Purification of Csin-like serine proteases from pancreatin using G3P-gel.
a Csin-like enzymatic activity was assayed using BTPNA as a substrate. One unit of enzymatic activity was defined as the hydrolysis of 1 mol of BTPNA per min, using 9920 M -1 cm -1 as the extinction coefficient of p-nitroaniline at 405 nm. 
Discussion
We demonstrated that the covalent chromatography system using a combination of G3P-gel and 2PAM was useful for purifying Csin-like serine proteases. Many Tsin-like serine proteases have been satisfactorily purified by affinity chromatography systems using benzamidine [13] , aprotinin [14] , soybean trypsin inhibitor [15] , analogues of sunflower trypsin inhibitor-1 [16] , and so on, as reversible ligands.
Although some Csin-like serine proteases have also been isolated with Tsin-like ones, a lot of 
